The NP-DOPC and MeS-DOPC systems are modeled using the GROMOS 54a7 united-atom force field 1 with the SPC water model 2 . Following previous work [3] [4] [5] [6] , the NP gold core is modeled as a rigid, hollow sphere with a diameter of 2 nm. The mass of missing gold atoms is redistributed to the atoms in the shell. 58 ligands are grafted to the gold core, corresponding to a surface density of 4.62 ligands/nm 2 7 . All MUS end groups are assumed to be fully dissociated at physiological pH. Both NP ligands (MUS and OT, see main text) terminate in sulfur atoms that are fixed to the gold core to represent the thiol bond and are immobile with respect to the gold surface over the simulation timescales 8 . The two ligand species are grafted in a 1:1 MUS:OT ratio on the gold surface in a mixed, or checkerboard-like, morphology 4 .
Molecular dynamics is performed with a leap-frog algorithm and a 2 fs timestep. The simulation temperature is set to 310 K and is controlled using a velocity-rescale thermostat with a coupling time of 0.1 ps. The simulation pressure is set to 1 bar and is controlled using a semiisotropic barostat with a coupling time of 2 ps and isothermal compressibility of 4.5 ×10 −5 bar −1 . A Berendsen barostat is used for the initial equilibration while a Parrinello-Rahman barostat is used for the umbrella-sampling trajectories.
Starting configurations for the umbrella sampling protocol are generated by applying an umbrella potential to restrain the center-of-mass of the chosen species to a reference value of d z , then changing the value of d z at a rate of 0.1 nm/ns to pull the group across the bilayer. The spring constant of the umbrella potential is set to 3000 kJ/mol/nm 2 for this initial pulling step and a Berendsen barostat is used to preserve the simulation pressure. Configurations along the reaction coordinate are extracted from this pulling trajectory, then umbrella sampling is performed by restraining each species to a desired value of d z with an umbrella potential. The spring constant of the umbrella potential is set to 1000 kJ/mol/nm 2 for umbrella sampling and a Parrinello-Rahman barostat is used to preserve the simulation pressure. Additional details on this procedure are described in section 4 below.
Preparation of the NP-DOPC and MeS-DOPC systems
The NP-DOPC system is prepared using the results of a previous study in which the insertion of a NP into the upper leaflet of a bilayer ribbon was studied 5 . A bilayer ribbon spans the simulation box along only one axis (in this case, the y-axis), and has two solvent-exposed edges along the perpendicular x-axis 14 . Bilayer ribbons have been used when simulating systems that require significant bilayer expansion or curvature 3, 5, 15, 16 , as the two solvent-exposed edges allow the ribbon to expand laterally and bend without being constrained by the periodic boundaries of the simulation box. Accordingly, NP insertion into a planar bilayer was modeled using a ribbon in previous work because insertion induces bilayer curvature 5 . The final configuration from one of these trajectories is used as the starting point for system preparation (Fig. S1 ).
The protocol for preparing the NP-DOPC system is summarized in Fig. S1 . MUS ligands are iteratively pulled across the bilayer until there are 15/14 MUS ligands in the upper/lower leaflets of the bilayer, respectively. This iterative pulling is performed to create a state representative of one that would be achieved in the physical system if ligands were able to cross the bilayer. Each ligand is pulled using an umbrella potential with a spring constant of 3000 kJ/mol/nm 2 applied to the sulfur atom in the MUS group. The distance between the sulfur group and the ribbon midplane, d z , is decreased at a rate of 2 nm/ns for 1.5 ns to pull the ligand to the opposing leaflet, then the umbrella potential is removed and the NP-ribbon system is allowed to relax for another 20 ns. The ligand with the smallest average value of d z during the 20 ns of unbiased relaxation is pulled next; this process is repeated until the 15/14 MUS ligand distribution is achieved. For all ribbon simulations, the pressure is controlled using an anisotropic barostat so that only the x-and z-axes are permitted to resize to maintain the structure of the ribbon 3, 5 . Position restraints are applied to the head groups of two lipids in the lower leaflet to prevent the ribbon from rotating.
The final configuration of the NP-ribbon system is converted to a conventional box-spanning configuration by extracting the NP and lipids within a 8.2 nm × 8.2 nm square (illustrated by the red vertical lines in Fig. S1 ). The square is positioned such that the number of lipids extracted from each leaflet of the ribbon is equal to the time-averaged number of lipids in the same leaflet within the square area (rounded to the nearest integer) calculated during the last 10 ns of relaxation. This extraction process thus preserves the transbilayer lipid distribution that is obtained during equilibration. Additional lipids are then equally added to the upper and lower leaflets by embedding the extracted square within a previously equilibrated bilayer from which a 8.5 nm × 8.5 nm square of lipids is removed, to achieve a total of 334 lipids in the system. This procedure creates a system large enough to avoid finite-size effects during umbrella sampling 17 , and ensures that any bilayer deformation induced by the NP decays within the simulation box (based on previous work 6 ). Finally, water molecules and ions are added to the system to achieve an electroneutral 150 mM NaCl concentration for a total system size of 83,338 atoms (system components summarized in Table  S1 ). Given the extensive system preparation, the NP-DOPC system is equilibrated for 150 ns prior to the umbrella sampling protocol (Table S3) .
The MeS-DOPC system is prepared by first solvating a 200 lipid DOPC bilayer in a 150 mM salt solution for a total system size of 50,624 atoms (Table S1) . The bilayer is then equilibrated for 60 ns using the parameters described in section 1. A single MeS molecule and Na + counterion is then added to the system and equilibrated for 50 ns prior to the umbrella sampling protocol (Table S3) .
Preparation of OmpLA-POPC and MGuan-POPC systems
The OmpLA-POPC system is prepared using the Membrane Builder module 18 of the CHARMM-GUI webserver 19 . The structure for OmpLA (PDB: 1QD5) from the Orientation of Proteins in Membranes (OPM) database 20 is used as the initial input, with the alanine at position 210 mutated to the engineered EArg residue (see main text). 102 POPC lipids are added to the top leaflet of the bilayer and 100 are added to the bottom leaflet, with the slight asymmetry due to the estimated difference in the projected area occupied by the protein in each leaflet. The system is then solvated in an electroneutral 150 mM NaCl solution (see Table S1 ) and equilibrated for 50 ns prior to the umbrella sampling protocol (Table S3 ). The MGuan-POPC system is again prepared using the Membrane Builder module of CHARMM-GUI. A single MGuan group, using the default CHARMM36 topology, is uploaded as a PDB file. 100 POPC lipids are added to each bilayer leaflet to create a symmetric bilayer system. The system is then solvated in an electroneutral 150 mM NaCl solution (see Table S1 ) and equilibrated for 50 ns prior to the umbrella sampling protocol (Table S3 ).
Details on potential of mean force calculations
The potential of mean force (PMF) for flipping or translocating a charged species across a lipid bilayer is calculated from umbrella sampling (US) simulations. Previous studies have shown that the PMF for translocating an ion across a symmetric bilayer can be incorrectly calculated if long-timescale processes are not taken into account [21] [22] [23] . Specifically, a translocating ion can locally deform a single bilayer leaflet to maintain a favorable solvation shell; the ion is thus defined as "connected" to the deformed bilayer-water interface (adopting the terminology of Ref. 21 ). The free energy cost for deforming the bilayer is minimized if the ion is connected to the closest interface, and an ion placed at the center of a symmetric bilayer can connect to either leaflet with equal probability 21 . However, an ion that is pulled across the bilayer may be biased to connect to the interface from which it is initially introduced because it can take hundreds of nanoseconds for connectivity to switch leaflets, which may be longer than the duration of the simulation [21] [22] [23] , although still much shorter than the total timescale for flipping. Using starting configurations for US with incorrect connectivity can thus lead to large, spurious asymmetry in the resulting PMF 21 .
To account for this issue, starting configurations for US are generated so that the charged species is always connected to (i.e., deforms) the closest interface. After initial unbiased equilibration (see Table S3 ), starting configurations are generated by pulling the charged species across the bilayer (simu-lation parameters described in section 1 above) Each species is pulled in both the negative and positive z-direction for sufficient time to sample a full range of d z values along the US reaction coordinate (Table S3 ). During the trajectory in which the species is pulled in the negative z-direction (i.e., from the upper leaflet to the lower leaflet), the sulfonate group is connected to the upper bilayer interface until d z = −0.8 nm for the NP-DOPC and MeS-DOPC systems; following the arguments of the previous paragraph, using configurations for −0.8 ≤ d z < 0.0 nm in US would result in an asymmetric PMF (see also Fig. S5 ).
To generate configurations with correct connectivity, the group is pulled back in the positive z-direction, starting from a value of d z = −1.0 nm. This approach generates configurations for −0.8 ≤ d z < 0.0 nm with the sulfonate group connected to the lower bilayer interface. A similar approach is used for the MGuan-POPC and OmpLA-POPC systems, for which connectivity is maintained to the upper leaflet until d z = −1.1 nm, by pulling the guanidinium group in the positive direction starting from a value of d z = −1.4 nm. Umbrella sampling is then performed for each system using starting configurations extracted every 0.1 nm within a range of d z values that encompasses the entire bilayer and part of the surrounding interface (see Table S3 ). In each configuration the charged species is connected to the closest interface; two configurations, one connected to each interface, are used for d z = 0.0 nm.
To confirm that this protocol is reasonable, the PMF for translocating MeS is calculated using starting configurations generated as described and starting configurations in the range −0.8 ≤ d z < 0.0 nm in which the ion is connected to the incorrect interface. Fig. S5 shows that the PMF calculated from starting configurations in which there is incorrect connectivity is highly asymmetric, and is inconsistent with both the symmetry of the system and with prior results 21 . In contrast, the PMF for the system with correct connectivity is nearly symmetric; the minima on either side of the bilayer differ by only 1.0 kcal/mol (also see Fig. S6 ), which is within reasonable estimates and significantly lower than the differences observed in previous work (e.g., > 5 kcal/mol 23 ). The magnitude of the PMF also similar to previous simulations of single ion translocation 24 . This result confirms that the workflow for calculating the PMF is reasonable. Convergence of all PMFs is demonstrated in Fig. S6 to confirm that the 60 ns sampling time (after 10 ns of equilibration per window, as described in the main text) is sufficient.
Calculation of coordination number
In the main text, the coordination number, N coord , reports on the effective solvation shell of each charged species and is defined as the number of polar groups within a threshold distance of the ion. The anionic sulfonate group of MeS and MUS recruits water molecules, cationic sodium ions, and cationic choline groups into its solvation shell, while the cationic guanidinium group of MGuan and EArg recruits water molecules, anionic chloride ions, and anionic phosphate groups into its solvation shell. Because each of these species differs in size, a separate threshold distance is defined for each group by calculating the radial distribution function, g(r), between the central atom in each polar group and either the central sulfur atom in the sulfonate group or the central carbon atom in the guanidinium group (summarized in Table S2 ). The radial distribution function for each of the species is calculated from US trajectories in which significant contact is with the corresponding group is observed. The threshold distance is then defined as the distance corresponding to the first local minimum in g(r). Table S2 summarizes the different distance thresholds used to calculate N coord ; blank spaces indicate that the species did not contribute significantly to the solvation shell. (Fig.  3B ) or coordination number (Fig. 3C) for each configuration sampled and normalizing by the frequency with which each bin is populated. Each 20 ns block of the US trajectories was treated independently to generate three separate histograms. The average value and standard error of each measurable was reported for each value of d z in these three histograms. This approach is in contrast to time-averaging the value of N coord and N core from each trajectory separately; we chose the histogram approach because this associates N coord and N core with an actual value of d z as opposed to the value of d z to which the particular umbrella sampling trajectory was restrained.
7 Density profiles of full NP-bilayer system Figure 3 of the main text illustrates the deformation of the bilayer during the transport of charged MeS or MUS groups across the hydrophobic core. The density plots in Fig. 3A are calculated by radially averaging the density of all atoms in polar groups in a cylinder that is centered on the center-of-mass 1-9 | 3 of the MeS or MUS end group. For the NP-DOPC system, however, it is unclear from this plot if the bilayer is strongly deformed by the NP prior to the flipping of the MUS ligand. To complement Fig. 3, Fig. S2 shows time-averaged number densities of all atoms in polar groups for the NP-DOPC system, averaged radially around the center of the NP. Densities are shown for both the initial equilibration of the system prior to umbrella sampling, during which the MUS end group fluctuates around a free energy minimum at d z ≈ 1.2 nm (see Fig.  2 of the main text) , and for the umbrella sampling trajectory for which the MUS end group is restrained to d z = 0.0 nm.
The plot at left in Fig. S2 illustrates that the bilayer is only slightly thinned in the vicinity of the NP prior to MUS flipping. The slight asymmetry in the densities between the upper and lower leaflets reflects the asymmetric distribution of MUS ligands (15 in the upper leaflet and 14 in the lower leaflet prior to flipping). The plot at right illustrates the deformation induced by the MUS end group as it reaches the bilayer center; this deformation is examined more carefully in Fig. 3 of the main text for the same umbrella sampling trajectory. Note that the densities of polar groups in the vicinity of the MUS end group appear smaller in Fig. S2 than in Fig. 3 because the densities are averaged over a larger cylindrical volume in which most of the bilayer is unperturbed; the perturbation is localized only to the region near the end group. Neither plot illustrates large induced defects in the hydrophobic bilayer core that would be consistent with pore formation. Table S3 Parameters for umbrella sampling protocol. The equilibration time is the amount of unbiased simulation time used to relax each system after initial preparation, prior to pulling charged species across the bilayer. Pulling times specify how long each species is pulled in either the negative or positive z-direction from the initial configuration after equilibration or from a configuration extracted after first pulling the charged species into the lower leaflet. The US window range species the range of d z values sampled (inclusive), leading to the number of US windows in the last column (including two windows for d z = 0). (3), the system is relaxed, and this process is repeated for 14 flips (4). The ribbon system is then converted to a conventional bilayer by extracting a small region (illustrated with red vertical lines) around the NP (5), adding additional lipids (6), and equilibrating (Table S3) . MUS ligands are highlighted in some of the snapshots to emphasize their tran-bilayer distribution. A PMFs for MeS and MUS for three sampling times, each excluding an initial 10 ns of equilibration. Each PMF is offset such that the minimum value for d z > 0 is equal to 0. The plots suggest that both PMFs converge by 40 ns. B PMFs for MGuan and EArg for three sampling times, each excluding an initial 10 ns of equilibration. Each PMF is offset such that the minimum value for d z > 0 is equal to 0. While the MGuan PMF converges rapidly, the EArg PMF converges after 40 ns. C Plot of the maxima of the PMFs and the difference between the two minima as a function of sampling time for MeS/MUS (left) and MGuan/EArg (right). The maximum and difference are illustrated in the plots in A and B. All quantities clearly converge by the 60 ns sampling time used for the PMFs reported in the main text.
